Understanding how and why rates of evolutionary diversification vary is a key issue in evolutionary 41 biology, ecology, and biogeography, and the metaphorical concepts of adaptive radiation and 42 evolutionary stasis describe two opposing aspects causing variation in diversification rates. Here we 43 review the central concepts in the evolutionary diversification literature and synthesize these into a 44 simple, general framework for studying rates of diversification and quantifying their underlying 45 dynamics, which can be applied across clades and regions and across spatial and temporal scales. Our 46 framework describes the diversification rate (d) as a function of the abiotic environment (a), the biotic 47 environment (b) and clade-specific phenotypes or traits (c); thus ~, , . We refer to the four 48 components (a-d) and their interactions collectively as the 'Evolutionary Arena'. We outline analytical 49 approaches to this framework and present a case study on conifers, for which we parameterise the 50 general model. We also discuss three conceptual examples: the Lupinus radiation in the Andes in the 51 context of emerging ecological opportunity and fluctuating connectivity due to climatic oscillations; 52 oceanic island radiations in the context of island formation and erosion; and biotically driven radiations 53 of the Mediterranean orchid genus Ophrys. The results of the conifer case study are consistent with the 54 long-standing scenario that low competition and high rates of niche evolution promote diversification. 55
Introduction 68
Biologists have long been fascinated by the circumstances under which species diversification and trait 69 disparification rates -evolutionary radiations -are accelerated. Studies in recent decades on 70 evolutionary radiations (words in bold are in the Glossary) have produced a proliferation of terminology 71
and new statistical approaches. These developments in (macro-) evolution are largely based on the 72 adaptive radiation paradigm (Osborn, 1902; Simpson, 1944 Simpson, , 1953 Schluter, 2000) , a metaphorical 73 concept describing the evolution of a multitude of ecological forms from a single common ancestor. The 74 paradigm, however, complicates quantitative comparisons of the trajectories and correlates of 75 diversification between evolutionary lineages (species, clades) and among geographical regions, and 76
does not address the circumstances under which evolutionary stasis or decline may occur. Here, we 77 build on current theoretical foundations and propose a conceptual framework for the integrative study 78 of shifts and stasis in diversification rates. It is not our aim to thoroughly review the literature on 79 evolutionary radiations; rather, we provide an overview of recent developments, and integrate these 80 into a framework that can in principle be quantified in all systems, from cellular to global spatial scales 81 and spanning ecological to evolutionary time frames. 82 A short history of diversification theory 83 Darwin, in sharp contrast to early-nineteenth-century dogma, envisioned evolution to be gradual, with 84 small changes accumulating from generation to generation, eventually leading to species divergence 85 (Orr, 2005) . This gradualist view was soon challenged and seemingly contradicted by the fossil record, 86 leading to the appreciation that rates of divergent evolution are uneven through time and among 87 clades, sometimes generating species and ecomorphological diversity in evolutionary radiations (Mayr, 88 addition, phylogenetic comparative studies (Felsenstein, 1985; Harmon, 2018) have revealed the 125 importance of key events, such as mass extinctions (e.g., of dinosaurs), climate change (e.g., late 126
Miocene aridification), and orogeny (e.g., of the Andes and the New Zealand alps). Including 127 evolutionary changes in genomic structure has led to the recognition that the connections between key 128 innovations, key events, and diversification rate shifts can be complex (Erwin, 2001 (Erwin, , 2017 , for example, 129 in context of hybridization and whole-genome duplications in flowering plants (Tank et Generally, however, it is the interaction between variable intrinsic (e.g., genome duplication) and 132 extrinsic (e.g., climate change) factors that is thought to modulate diversification rates (for a review on 133 context-dependent diversification see Donoghue & Sanderson, 2015 ; on the interplay of dispersal and 134 biome shifts see Donoghue & Edwards, 2014) . 135
The interaction between intrinsic (lineage-specific) and extrinsic (environmental) factors provides 136 the ecological opportunity for adaptive radiations to occur (Erwin, 2015) . Simpson (1953) summarised 137 such opportunities in terms of three factors: (i) physical access to an environment, resulting from 138 dispersal, or from the change of geo-ecological conditions in the region where a lineage already occurs; 139
(ii) lack of effective competition in the environment, because no suitably adapted lineages already occur 140 there; (iii) genetic capacity and adaptability of a lineage, which can be manifested in the evolution of key 141 innovations, or more generally, in the ability to more readily explore the character space of certain trait 142 innovations (Nürk, Atchison, & Hughes, 2019) . All three conditions have to be met for successful 143 adaptive radiation to start (Donoghue & Edwards, 2014; Stroud & Losos, 2016) . 144
The evolution of diversity requires the evolution of reproductive isolation, which can be promoted 145 by geographic fragmentation. Geographic isolation can result in stochastic divergence, i.e., by intensified 146 genetic drift in smaller populations (Kimura, 1968; Duret, 2002) , eventually leading to allopatric 147 speciation. Repeated allopatric speciation can result in "non-adaptive" radiation (Gittenberger, 1991;  isolation-driven processes are contrasted to ecological speciation, which is driven by divergent selection 150 pressures from the environment, implying that there will be (some) adaptation. Ecological speciation 151 can result in repeated evolution of phenotypes and trait-environment interactions in adaptive 152 radiations (trait utility; Schluter, 2000) . However, in most radiations both ecological adaptation (natural 153 selection) and geographic isolation (intensified genetic drift) are involved (Gittenberger, Variation in the relative contributions of non-adaptive and adaptive processes to diversification 157 was encapsulated by Simpson (1953) in his distinction between 'access to an environment' and 'lack of 158 competition in that environment'. In ecological niche theory, it is well appreciated that species live in 159 environments that can be described by abiotic and biotic factors (for a review on the various aspects of 160 In general, it is not the particular sequence of trait evolution or access to a novel environment 177 that triggers a radiation, but the establishment/evolution of a complementary state -either the 178 establishment of an environment that fits a pre-evolved trait or an exaptation, or the evolution of the 179 trait that is an adaptation to a pre-existing environment (Kozak & Here, d can be expressed by the rate of change in taxonomic diversity (number of species), interspecific 214 morphological/phenotypic disparity, DNA nucleotide diversity and genetic differentiation (e.g., 215
functional variation of expressed genes or metabolites), physiological diversity (e.g., photosynthetic 216 modes), or niche diversity (e.g., diversity of ecological niches occupied) and differentiation (e.g., rate of 217 ecological expansion). This list is not exhaustive, and which expression of d is used depends on the 218 question being investigated. The instantaneous rate of diversification, defined as speciation minus 219 extinction per unit time (Nee et al., 1994) , is the simplest expression of d and can be directly inferred 220 from a dated species-level phylogeny (Magallón & Sanderson, 2001 ). Disparification can be measured, 221 for example, by (relative) evolutionary rate estimates (Butler & King, 2004) , the change in trait variance 222 in a clade through time (Rolshausen, Davies, & Hendry, 2018) , or by transition rates between discrete 223 character states (Huelsenbeck, Nielsen, & Bollback, 2003 Clade-specific traits are part of the phenotype and can be labile or phylogenetically conserved. This is 256 illustrated by the remarkable floral variation in the orchid genus Disa (Johnson, Linder, & Steiner, 1998) , 257 and the impact of a lack of floral morphology variation on diversification in the oil-bee pollinated 258
Malpighiaceae (Davis et al., 2014 To make EvA operational requires parameterising it appropriately, which means making it more 277 specific and detailed. Here, we describe four simple extensions to illustrate how the EvA framework can 278 be enriched by more properties to provide insights into different hypotheses in evolutionary 279 diversification. We end this section by outlining general analytical approaches and possibilities for null 280 hypothesis formulation. In this way, the EvA framework can facilitate the direct testing of competing hypotheses about the 320 diversification of a group, using standard model selection approaches (e.g., likelihood ratio tests for 321 nested models, AIC or Bayes factors; Burnham & Anderson, 2002) . Phylogenetic pseudoreplication 322 (Maddison & FitzJohn, 2015) , which describes the non-independence of, or the autocorrelation among, 323 species' traits due to shared ancestry, is a basic property of comparative analyses (Felsenstein, 1985) . 324
Phylogenetically independent contrasts (PIC; Felsenstein, 1985) in the diversification rate observed in a phylogenetic tree is not necessarily explained by the focal factor 358 (character) under study (Rabosky & Goldberg, 2015) . False-positives can potentially result because the 359 null hypotheses did not account for the possibility that diversification rates can be "independent of the 360 character but not constant through time" (Harmon, 2018, p 215 Sanderson, 2015) . This facilitates comparative analyses of evolutionary radiations, or evolutionary stasis 379 and decline, using phylogenetic comparative methods. This is possible because d can be positive or 380 negative/smaller, so the correlates (e.g., a x c in EvA) of diversification increase or decrease (e.g., 381
density-dependent slowdowns) can be sought. EvA does not present any new analytical methods, 382 analyses within this framework can be done using existing packages and software (it may also indicate 383 priorities for method development). Particularly important is the central notion that no single factor is a 384 sufficient explanation for an evolutionary rate change, but that the interaction between external and 385 internal factors results in shifts in diversification and/or disparification rates (Givnish, 2015) . Overall, 386 there are three heuristic advantages to couching evolutionary radiation studies in the EvA framework: 387 Firstly, this framework, similar to a model, predicts which factors may be drivers of evolutionary 388 radiations. This reduces the risk of missing important drivers, and so stimulates the development of 389 comprehensive models, rather the simple exploration of the effect of a factor on diversification rates. In 390 addition, it encourages taking recent advances in understanding context-dependence into account. 391
Secondly, this framework is readily quantified, for example as a regression model. Quantification 392 both facilitates and encourages data transparency (i.e. what data sets are used, and how these data are 393 transformed). This transparency becomes more important as the model is expanded to reflect the 394 complexity of the predictor factors. 395
Thirdly, it provides a single, general framework within which to analyse all or any evolutionary 396 radiations. The framework can be applied to any biological organisms, geographical regions, or 397
ecosystems. This facilitates the comparison among taxa and regions as to the processes underlying 398 diversification, even if the studies were by different people. This will ease the progression from case 399 studies to general syntheses. 400
Case study: Conifers
401
We use a case study of conifer radiation to illustrate EvA implementation and component quantification. based on two nuclear and two plastid genes, and calibrated with 16 fossils) to define 70 reciprocally 413 monophyletic or single-species groups; using a stem age cut-off at 33.9 Ma (the Eocene/Oligocene 414 boundary) in order to focus on the variables which could explain Neogene-Quaternary diversification 415 rate variation (Larcombe et al., 2018) . Forty-one of these groups have more than one species, the most 416 species-rich 52 species, and range in age from 34 to 146 Ma. 417
The factors that contribute to a, b and c in the conifers model were derived from the output of a 418
process-based niche model (Larcombe et al., 2018) . This niche modelling method is described in detail in 419 Niche overlap between each species pair was calculated using Schoener's niche overlap metric D 463 (Schoener, 1968 ) based on the potential distributions from the SDM analysis. We then scaled these two 464 numbers to range from 0 to 1 for each species pair and multiplied them to provide a competition index 465 (Larcombe et al., 2018) . This means that if either score is zero, the competition score is zero, and if they 466 have the same (potential) niche and the same (realized) range then the competition score is 1. The 467 species-level estimates were averaged to provide a clade-level competition score. 468 c = clade-specific rate of niche evolution: we used eleven physiological traits (see Fig. 6 in 469
Larcombe et al., 2018) that were identified as being most important for defining the overall niche space 470 of conifers (Larcombe et al., 2018) . Although an effectively limitless number of physiological traits could 471 be defined, our method provides an objective selection criterion of ecologically appropriate measures. 472
These eleven traits were fitted together in a multivariate Brownian motion model of evolution (Butler & parameter distribution on the tree. When competition among species is low and the rate of niche evolution in 504 a clade is pronounced, the diversification rate of that clade accelerates. 505
506
The significantly negative effect of competition (b) on diversification (d) indicates higher diversification 507 rates in clades where competition among species is low. This result is consistent with the concept of 508 diversity-dependent diversification (Foote, 2000; Rabosky, 2013) and suggests that diversity-dependent 509 relationships are more important among the conifers in regulating diversification rate than potential area 510 size (a) or rates of physiological trait evolution (niche evolution; c). However, the rates of niche evolution 511 (c) among the conifer clades show a very similar, although inverse, pattern to that of competition (b) (Fig.  512   4) . Estimates of a model accounting for interactions among predictor variables (results not shown due to 513 lack of statistical power using n = 41; see R scripts available in Nürk, Linder, et al., 2019) indicated that the 514 two-way interaction b:c (competition interacting with rate of niche evolution) influenced diversification 515 in the conifers, in line with findings by Larcombe et al. (2018) , who showed that conifer evolution is jointly 516 shaped by bounded and unbounded evolutionary processes (e.g., Harmon & Harrison, 2015) . The two-517 way interaction b:c may enhance or relax diversity-dependent processes so as to promote or constrain 518 diversification (Larcombe et al., 2018) . This is also consistent with the concept that spatial (or temporal) 519 variation in trait disparity can result in variation in competitive pressure (McPeek, 2008; Marshall & 520 Quental, 2016). The interaction of competition and rate of niche evolution suggests that the fastest 521 diversification in conifers is found when competition is low (increased ecological opportunity), which 522 could be the result of fast trait/niche evolution (high adaptability of the lineage). 523
The case presented here shows the potential to infer general patterns using the EvA framework. 524
However, it is in no way a full exploration of the approach, and more sophisticated analyses are likely to 525 prove more informative. For example, our analysis assumes that rates for d, b, and c are fixed, which is 526 an over-simplification. It could be interesting to repeat the analysis using species instead of clades, as 527 this allows us to account for phylogenetic structure within the clades, ecologically highly variable 528 species, and diversification stasis. However, there are issues interpreting tip-diversification rates ( contemporaneous radiations have been difficult to tease out more generally (Tanentzap et al., 2015) . 573
The EvA framework draws attention to the fact that biotic factors have not been critically investigated 574 beyond the simple idea of lack of competition in the newly emerged tropical alpine sky island habitat 575 (Fig. 5) . 576 577 interactions on islands (b in EvA) it needs to be considered that in most cases, there are precursors to 645 current-day islands that have been eroded to the Pleistocene sea level and are now submerged as guyot 646 seamounts. These previous islands may explain the fact that the evolutionary age of lineages can be 647 older than the respective island where they are endemic today (Pillon & Buerki, 2017) . Also, while 648 methods for assessing diversity-dependent effects within single lineages already exist (Rabosky & Glor, 649 2010; Valente et al., 2015) , we currently lack an approach for testing how the interaction of habitat 650 heterogeneity, island size and present diversity can affect all lineages on an island-wide basis. 651
EvA provides a heuristic framework for the integration of time-dependent model and multi-clade 652
analyses. Once several analyses of clades or archipelagos are available in this framework, it should be 653 possible to combine them to develop a single model for the evolution of diversity within island systems. 654
Furthermore, island disparification and diversification can be compared using the same analytical 655 framework, allowing us to test the hypothesis that they respond to the same factors. The simple EvA 656 framework makes explicit these research question. 657
Ophrys biotically driven radiation closely related species (Sedeek et al., 2014) . Simulations suggest that this simple trait architecture could 674 lead to rapid pollinator-driven divergence (Xu & Schlüter, 2015) . Overall, the available data suggest that, 675
given the trait architecture of pollinator attraction, pollinators may be a key factor driving the Ophrys 676 radiations (Fig. 6) The framework is very flexible, facilitating the incorporation of detailed variables, interactions 724 among the components, changes in the direction of effect of these components, and interpretation of 725 phylogenetic conservatism and trait lability. EvA advocates a multivariate perspective on radiations and 726 can be readily expanded to accommodate increasing levels of complexity, to test for the interactions 727 among variables, or to rank variables according to their relative influence on diversification rates. 728
Whether the specific results are tallied, or whether the predictors are collapsed, will most likely depend 729 on the type of question being asked, and on the power available in the study system. EvA can be 730 formulated as a hypothesis-testing framework to test whether the likelihood of observing the data 731 under a favourite particular model provides better fit than an appropriate null model, or to compare 732 models of varying complexity. The framework may be particularly useful in parameterising data-rich, 733 broad-scale analyses comparing different systems, such as evolutionary radiations of clades across 734 different regions, or between different clades within the same region, for example, the plant radiations 735 in the north Andean páramos. Applying these analyses within the framework allows us to identify the 736 important components that account for differences in diversification rates between clades and regions. 737
The Evolutionary Arena framework thus encourages a more comparative approach to exploring 738 phylogenetic and geographical variation in the correlates and drivers of speciation and extinction. Radiation: accelerated proliferation of species and/or phenotypes, in the sense of significant increase in 772 the diversification and/or disparification rate compared to background rates (without a shift/ 773 significant rate increase, it is not a radiation but [background] diversification / disparification). 774
Radiation (diversification / disparification) can be combined with an epithet, such as adaptive, 775 geographical, ecological, or genetical (gene flow) to further describe the nature of the 776 evolutionary forces and situations (e.g., 'sexual radiation' may refer to radiation driven by sexual 777 selection, or 'montane radiation' to radiation in mountains, 'insular radiation' to radiations on 778 islands, or simply 'cichlid radiation' to refer to a certain lineage, etc.). We refer to biological 779 radiation most generally as 'evolutionary radiation' as the change in diversification / 780 disparification rates has macro-evolutionary consequences. In addition, there are two 781 prominent concepts that refer to the process underlying the evolutionary radiations: 782
Adaptive radiation: proliferation of species driven by the evolution of phenotypic (ecological 783 and/or morphological) diversity that can be linked to adaptation to an environment. The 784 environment may act as a modulator, driving (potentially sympatric) speciation and/or slowing 785
extinction. 786
Geographic radiation: proliferation of species driven by enhanced opportunities for allopatric 787 speciation (reproductive isolation resulting from spatial barriers) in a particular region (modified 788 The phylogenetic tree, the data matrix and R scripts used in the analysis of conifers are available 803 at Dryad: doi: 10.5061/dryad.2bvq83bkx (Nürk, Linder, et al., 2019 
